The temperate double-stranded DNA bacteriophage Bam35 infects gram-positive Bacillus thuringiensis cells. Bam35 has an icosahedral protein coat surrounding the viral membrane that encloses the linear 15-kbp DNA genome. The protein coat of Bam35 uses the same assembly principle as that of PRD1, a lytic bacteriophage infecting gram-negative hosts. In this study, we dissected the process of Bam35 entry into discrete steps: receptor binding, peptidoglycan penetration, and interaction with the plasma membrane (PM). Bam35 very rapidly adsorbs to the cell surface, and N-acetyl-muramic acid is essential for Bam35 binding. Zymogram analysis demonstrated that peptidoglycan-hydrolyzing activity is associated with the Bam35 virion. We showed that the penetration of Bam35 through the PM is a divalent-cation-dependent process, whereas adsorption and peptidoglycan digestion are not.
Viruses must recognize and bind to the host cell in order to carry out the infection process. The initial recognition of the host cell, typically mediated by a cell surface receptor and leading to virus entry, is highly specific: proteins on the virion surface (receptor-binding proteins) specifically interact with molecules or molecular assemblies (receptors) exposed on the surface of a susceptible cell. Phages that infect gram-negative bacteria recognize either the polysaccharide moieties (e.g., Teven phages) or outer membrane proteins, such as porins (phages PP01 and ) (34, 40) and transporters (T1, T5, and 80) (23) . Several filamentous single-stranded DNA and icosahedral single-stranded RNA phages of E. coli, as well as the enveloped bacteriophage 6 of Pseudomonas syringae, adsorb to bacterial pili (38) . Viruses that infect gram-positive bacteria usually attach to the cell surface polysaccharides (52) . For example, phages 29 and 25 adsorb to the major teichoic acid in the cell wall of Bacillus subtilis (37) . The host cell wall peptidoglycan moiety is the receptor for only a few bacteriophages, such as Listeria monocytogenes phage A511 and Clostridium botulinum type A 190L phage ␣2 (51, 57) . In the cases of B. subtilis phage SPP1 (47) and Lactococcus lactis phages of the c2 group (53) , the membrane proteins are necessary for irreversible adsorption.
After adsorption, virus entry involves either nucleic acid injection through a specific channel, membrane fusion, viralcapsid internalization via an intracellular vesicle, or a combination of these events (for a review, see reference 38) . The entry of the tailed phages T4, T5, T7, and (for a review, see reference 29) , as well as the filamentous phages M13, fd, and f1 (30) , all infecting gram-negative hosts, has been studied most extensively. Entry of the tailed phage 29, which infects gram-positive B. subtilis cells, is thought to be similar to that of other tailed bacteriophages and includes channel formation in the host cell envelope, followed by DNA injection (20) . The membrane-containing bacteriophages PRD1 (see below), 6 and 13 (8, 17, 39) , and most probably PM2 (26) use the viral membrane for genome delivery into the gram-negative host cytosol.
Bacteriophage Bam35 infects gram-positive Bacillus thuringiensis cells (2) . It belongs to the family Tectiviridae, which includes icosahedral double-stranded DNA bacterial viruses with an internal membrane (5) . Bam35 morphology closely resembles that of bacteriophage PRD1, the best-characterized member of the family Tectiviridae (2, 28, 41) . Bam35 and PRD1 both have ϳ15-kbp-long linear double-stranded DNA genomes with 5Ј-covalently linked terminal proteins (7, 49, 56) and similar genome organizations (41) . Bam35, in contrast to PRD1, is a temperate phage (2) and can exist as a linear plasmid inside the host cell (19, 49) . The sequence of the Bam35 genome is similar to those of the B. thuringiensis phages GIL01 and GIL16 and the linear Bacillus cereus plasmid pBClin15 (49, 55, 56) . However, the Bam35 genome has no great sequence similarity to that of PRD1 (41) .
Comparison of the cryoelectron microscopy-based three-dimensional image reconstruction of Bam35 with the high-resolution X-ray structure of PRD1 showed that the capsids of the two viruses are identical in size (64.5 nm between opposite faces) and have the same structures associated with assembly (1, 14, 28) . Spikes protrude from the capsid at the vertices occupied by a pentameric minor capsid protein. The fold of the Bam35 major capsid protein closely resembles that of PRD1 (9, 28, 41) . The virion-associated phospholipids of Bam35 and PRD1 are derived from the host plasma membrane (PM) but are incorporated selectively into the virion (27) . In the case of PRD1, it was shown that during virus entry, the viral mem-brane undergoes structural rearrangements and transforms into a tubular structure. This tube-like structure crosses the capsid through an opening that is formed at one of the capsid vertices after receptor recognition (44) . Consequently, this "tail" penetrates the cell envelope to deliver the DNA into the host cytosol (16, 22) . Similar tube-like structures have been observed for Bam35 (2, 28) , suggesting that the viral membrane most probably is involved in the delivery of the phage genome into the host cell. In order to overcome the barrier of the peptidoglycan (PG) layer, many bacteriophages encode PG-hydrolyzing enzymes (or endolysins) that are components of the virions, suggesting their role in virus entry (32) . PRD1 contains two lytic enzymes (P7 and P15) as structural components of the virion (42, 43) . The Bam35 genome harbors two open reading frames (ORFs) (26 and 30) that encode PGhydrolyzing enzymes, as shown for a very closely related phage, GIL01 (54) .
In the present study, the entry process for Bam35 was dissected into receptor binding, PG penetration, and interaction with the host PM. We showed that Bam35 very rapidly adsorbs to the cell surface. N-Acetyl-muramic acid (MurNAc) was identified as a component of the Bam35 receptor. The results of zymogram analysis demonstrated that PG-hydrolyzing activity was associated with the Bam35 virion. Furthermore, the penetration of Bam35 through the PM was shown to be a divalent-cation-dependent process, whereas adsorption and PG digestion were not.
MATERIALS AND METHODS
Bacteria and phage cultivation. The Bacillus thuringiensis strains used in this study are listed in Table 1 . B. thuringiensis cells were cultivated in Luria-Bertani broth (LB) (46) . Bacteriophage Bam35 (2) was propagated on Bacillus thuringiensis serovar israelensis HER1410, as described previously (41) . Briefly, to obtain Bam35 stocks, the soft agar from semiconfluent plates was collected, LB was added (3 ml/plate), and the plates were incubated for 2 h at 28°C with aeration; debris was removed by centrifugation (Sorvall SS-34 rotor; 10,000 rpm; 15 min; 5°C). Fresh Bam35 stocks were used for the adsorption experiments. For the production of phage particles, HER1410 cells were infected with a fresh Bam35 stock at a multiplicity of infection (MOI) of ϳ15. After cell lysis, the particles were concentrated with polyethylene glycol 6000 and NaCl and further purified by rate-zonal centrifugation in a linear 5 to 20% (wt/vol) sucrose gradient (41) . Bam35-resistant HER1410_R20 cells were obtained by isolating colonies from confluently lysed plates of B. thuringiensis HER1410 infected with Bam35 as described previously (19, 49) . For DNA manipulations, E. coli K-12 strain HMS174 (13) or HMS174(DE3) (50) was used. The cells were grown in LB with appropriate antibiotics. The plasmids used in this study are listed in Table 2 .
Sacculus purification. For zymogram analysis, PG sacculi were isolated by boiling E. coli K12 YMC or B. thuringiensis serovar kurstaki 4D22 cells (derived from stationary-phase cultures) in 4% sodium dodecyl sulfate (SDS) as described previously (24) , followed by removal of PG-associated proteins with 2 M NaCl (10). The isolated sacculus preparation was resuspended in 1/100 of the original culture volume in Milli-Q water and stored at Ϫ20°C until it was used.
For the binding experiments, PG sacculi were isolated by incubating B. thuringiensis cells derived from a stationary-phase culture with 4% SDS; washing them with 3 M NaCl, followed by Milli-Q water; and freeze-drying them (11) . Teichoic acids were extracted with 0.1 M NaOH under nitrogen (48 h at 37°C) as described previously (25) . The sacculus preparations were washed several times with Milli-Q water to remove the NaOH and freeze-dried. (46) . The DNA fragment containing the coding sequence for the Bam35 gene product (gp) 28 was amplified by PCR using specific primers and was inserted under the control of a T7 promoter into plasmid pJJ2 between EcoRI-HindIII sites, resulting in plasmid pAR70. Similarly, the coding sequence for Bam35 gp29 was amplified by PCR using specific primers, and the amplicon was inserted into plasmid pMG60 between NdeI-PstI sites, resulting in plasmid pAG1. The construct for pAG1 contains the strong controllable Ptac promoter and the ribosome-binding site of the phage T7 polymerase gene.
Purification of Bam35 gp28 and gp29. E. coli HMS174(DE3)(pAR70) or HMS174(pAG1) cells were grown in LB medium containing ampicillin (150 g/ml) at 28°C to a density of approximately 2 ϫ 10 8 CFU/ml. The cell cultures were chilled on ice, and protein expression was induced by the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. The IPTG-induced cells were incubated for an additional 12 h at 18°C. Bacteria were collected (Sorvall GS3 rotor; 5,000 rpm; 10 min; 5°C) and resuspended in 1/500 of the original culture volume of 20 mM Tris-HCl, pH 7.2. After being frozen at Ϫ80°C and thawed, the bacteria were disrupted by passage through a French pressure cell (at ϳ105 MPa). The cell debris was removed by low-speed centrifugation (Sorvall SS-34 rotor; 8,000 rpm; 15 min; 5°C), and the supernatant was cleared by high-speed centrifugation (Beckman 50Ti rotor; 33,000 rpm; 2 h; 5°C). Saturated ammonium sulfate was added to the resulting supernatant to attain 35% (for gp28) or 20% (for gp29) saturation, and the mixture was kept on ice for 1 h. The precipitated proteins were collected by centrifugation (SS-34 rotor; 10,000 rpm; 30 min; 5°C).
The following purification steps were performed at 4°C. The pellet containing gp28 was resuspended in 50 mM NaCl-20 mM Tris-HCl, pH 7.2 (buffer A), and dialyzed overnight against the same buffer. After being cleared (SS-34; 10,000 rpm; 10 min), the supernatant was loaded at a flow rate of 1 ml/min onto an anion-exchange column (HiTrap HP Q-Sepharose; Amersham Biosciences) that had been equilibrated with buffer A. The proteins were eluted using a linear 0.05 to 1 M NaCl gradient buffered with 20 mM Tris-HCl, pH 7.2.
The pellet containing gp29 was resuspended in 20 mM NaCl-20 mM Na phosphate, pH 6.5 (buffer B), and loaded at a flow rate of 1 ml/min onto an anion-exchange column (HiTrap HP Q-Sepharose; Amersham Biosciences) that had been equilibrated with buffer B. The flowthrough was collected and applied to a heparin-Sepharose HP column (Amersham Biosciences) equilibrated with buffer B. The proteins were eluted using a linear 0.1 to 1 M NaCl gradient buffered with 20 mM Na phosphate, pH 6.5. Fractions containing gp28 or gp29, as determined by SDS-polyacrylamide gel electrophoresis (PAGE), were pooled and stored on ice.
Generation of polyclonal antisera against Bam35 gp28 and gp29. To produce polyclonal antisera against gp28 and gp29, purified proteins were used as antigens to immunize rabbits. For gp28, immunizations were performed at 3-week intervals using 300 g of protein.
The antigen was emulsified in Freund's complete adjuvant for the first immunization and in Freund's incomplete adjuvant for the next two immunizations. Antiserum against gp29 was produced at Inbio Ltd., Estonia. The antisera were tested for phage neutralization ability. Approximately 500 phage particles were treated with antiserum dilutions for 30 min at 37°C and plated with HER1410 cells. To determine if the antibodies were able to precipitate the phage, 1ϫ purified phage particles (41) were treated with antisera for 30 min at 37°C (in 10 mM K phosphate, pH 7.2) and analyzed by rate-zonal centrifugation in a 5 to 20% sucrose gradient made in the same buffer (Sorvall TH641 rotor; 24,000 rpm; 55 min; 15°C). Fractions (1 ml) were collected (BioComp fraction collector), precipitated with 10% (vol/vol) trichloroacetic acid, and analyzed by SDS-PAGE.
Virus dissociation. HER1410 cells were grown to 2 ϫ 10 8 CFU/ml and infected with Bam35 (MOI, 15). The cell lysates were cleared, and virus particles were precipitated with polyethylene glycol 6000 and NaCl as described previously (41) . The virus precipitate was dissolved in 10 mM K phosphate, pH 7.2, and incubated for 1 h at 4°C. Urea (1 M) or 0.5 M guanidine hydrochloride (final concentrations) was added, and the suspension was incubated for 40 min at 37°C. These preparations were layered on top of a linear 5 to 20% sucrose gradient in 10 mM K phosphate, pH 7.2, and centrifuged (Sorvall TH641 rotor; 24,000 rpm; 70 min; 15°C). Fractions were collected and analyzed by SDS-PAGE. Fractions containing released viral-capsid-associated proteins were pooled and dialyzed against 10 mM K phosphate, pH 7.2, overnight at 4°C; filtered (Millipore; molecular mass cutoff, 100,000 Da), and concentrated by filtration (Millipore; molecular mass cutoff, 5,000 to 10,000 Da).
Phage adsorption and infective-center (IC) formation. Unless otherwise stated, phage adsorption tests were performed by mixing 300 to 600 phage particles with either ϳ4 ϫ 10 6 cells grown to a cell density of ϳ2 ϫ 10 8 CFU/ml or an appropriate amount of peptidoglycan sacculi isolated from B. thuringiensis cells. The mixture was incubated for 10 min at 37°C with aeration, and the cells or sacculi were removed by centrifugation (Heraeus Biofuge; 13,000 rpm for 3 min at 22°C), followed by washing with LB or buffer (100 mM Tris-HCl, pH 8).
The number of nonadsorbed phage particles was determined by plating the supernatants on lawns of HER1410 cells. The number of ICs was determined by resuspending the cells in 100 mM Tris-HCl buffer, pH 8, and plating them. To determine Bam35 adsorption kinetics, B. thuringiensis cells were grown to ϳ2 ϫ 10 8 CFU/ml in LB at 37°C and infected at an MOI of ϳ0.1. Unless otherwise stated, samples were taken at different time points and diluted 10-fold in LB. The cells were removed as described above, and the number of nonadsorbed phage particles was determined. The adsorption rate constant was calculated as described previously (3) .
For the receptor saturation assay, a constant number of HER1410 or 4D22 cells (grown to a cell density of 2 ϫ 10 8 CFU/ml) was infected using MOIs between 0.1 and 1,000. After 10 min of incubation at 37°C with aeration, the cells were removed by centrifugation and washed once with LB, and the number of nonadsorbed phage particles in the supernatants was determined.
Inhibition of phage adsorption. The abilities of purified proteins encoded by Bam35 ORFs 28 and 29, or virion-derived fractions, to interfere with the binding of phages to the cells were determined using adsorption tests. HER1410 cells grown to ϳ2 ϫ 10 8 CFU/ml were mixed with different amounts of purified proteins or virion-derived fractions. After 10 min of incubation at 37°C, 300 to 600 Bam35 particles were added, followed by an additional 10-min incubation at 37°C. The cells were removed by centrifugation, and nonadsorbed phage particles were determined by titration.
Zymogram analysis. To express Bam35 gp26 and gp30 and to determine their enzymatic activities, the corresponding coding sequences were cloned into pET24 vector between BamHI and HindIII sites, resulting in plasmids pSJ1 (ORF 30) and pSJ3 (ORF 26). The inserts were sequenced (Sequencing Laboratory, Institute of Biotechnology, University of Helsinki). E. coli HMS174(DE3) (pSJ1) or HMS174(DE3)(pSJ3) cells were grown in LB medium supplemented with kanamycin (25 g/ml) at 37°C to ϳ2 ϫ 10 8 CFU/ml. The cell cultures were chilled on ice, and recombinant-protein production was induced by addition of IPTG to a 1 mM final concentration. The cells were incubated for an additional 3 h at 37°C, collected (Sorvall GS3 rotor; 5,000 rpm; 10 min; 5°C), and dissolved in 20 mM Tris-HCl, pH 7.4, to obtain 1/50 of the original volume. The cells were disrupted using sonication, and the soluble and insoluble fractions were separated (Heraeus Biofuge; 13,000 rpm; 10 min; 4°C). E. coli HMS174(DE3)(pET24) cells were used as a negative control. For zymogram analysis, 14% SDS-polyacrylamide gels were used, including a 6% (vol/vol) PG sacculus preparation homogenized by sonication (36) . Following electrophoresis, the gels were rinsed with Milli-Q water, transferred to a renaturation buffer (25 mM K phosphate buffer, pH 7.4, 1 mM MgCl 2 , 0.1% Triton X-100), and incubated overnight at 28°C. After renaturation, the gels were rinsed with Milli-Q water, stained with 0.1% methylene blue in 0.01% KOH at 28°C for 1 h, and destained with Milli-Q water.
Measurements of ion fluxes. The concentration of tetraphenylphosphonium (TPP ϩ ) or phenyldicarbaundecaborane (PCB Ϫ ) ions in the medium was monitored by selective electrodes, as described previously (15, 16, 19) . Briefly, the cells were grown to ϳ2 ϫ 10 8 CFU/ml, collected by centrifugation, resuspended in 100 mM Tris-HCl, pH 8.0, to obtain ϳ3 ϫ 10 10 CFU/ml, and kept on ice until they were used (Յ4 h). The concentrated cells were added to 100 mM Tris-HCl, pH 8.0, in 5-ml thermostatic reaction vessels to obtain 10 9 CFU/ml. After 10 min of incubation at an appropriate temperature with or without supplements, the cells were infected with a fresh Bam35 stock at MOIs of 5 to 10. The electrodes were calibrated by adding an appropriate amount of TPP ϩ chloride (Sigma) or potassium salt of PCB Ϫ (synthesized and purified by A. Beganskienė, Vilnius University) at the beginning of every experiment. To determine the amount of intracellular TPP ϩ at the end of the experiment, the PM of the cells was permeabilized by the addition of gramicidin D (GD) (Sigma) to a final concentration of 5 g/ml.
Analytical methods. Protein concentrations were determined by the Bradford (12) assay using bovine serum albumin as a standard, and the protein composition was determined by SDS-PAGE (36) . (Table 3) . Plaque assays on different B. thuringiensis strains showed that Bam35 was able to propagate properly on only two strains, HER1410 and 4D22, and weakly on strains 4Q2 and 4I1. Some strains most probably carry Bam35-type prophages, because viruses able to propagate on HER1410 were detected in their culture supernatants (Table  3) . Adsorption tests revealed that most of the strains studied adsorbed Bam35 particles ( Table 3 ). The two Bam35 hosts, HER1410 and 4D22, as well as strains 4T1, HER1410_R19, and HER1410_L5, were selected for more detailed adsorption analyses. HER1410_R20 cells, which bound Bam35 virions very effectively but did not support plaque formation, were used as a control in electrochemical measurements. Bam35 adsorption efficiency dependence on the host cell densities was studied using HER1410 and 4D22 cells. HER1410 cells taken from early, middle, or late logarithmic growth phase all adsorbed approximately 96% of virus particles. In the case of 4D22, mid-log-phase cells bound Bam35 particles more effectively than the cells from early or late log phase (Fig. 1A) .
RESULTS

Screening of
Bam35 adsorption kinetics was studied using several B. thuringiensis strains. In all cases, the cells bound more than 60% of virus particles during the first minute after phage addition (Fig.  1B) . The exception was Bam35-resistant HER1410_R19 cells, which showed no adsorption. Bam35 adsorption onto HER1410 cells revealed an adsorption rate constant of 2.3 ϫ 10 Ϫ8 ml/min for samples collected 20 s after phage addition (Fig. 1B, inset) .
To determine how many virus particles could attach to a host cell, the dependence of Bam35 binding on the MOI was examined (Fig. 1C) . HER1410 cells bound ϳ500 Bam35 particles per cell, with signs of saturation at an MOI of ϳ600. Receptor saturation of 4D22 cells was achieved at ϳ200 virions bound per cell when an MOI of ϳ400 was used.
Identification of the Bam35 receptor. Bam35 adsorption characteristics suggested that a major repeated constituent of the gram-positive cell wall functions as a receptor. We isolated PG sacculi from different B. thuringiensis strains and tested whether they bound Bam35 particles ( Fig. 2A) . Sacculi isolated from the wild-type HER1410 cells very effectively eliminated plaque formation. In that assay, the lysogenic derivative HER1410_L5 sacculi behaved like those of nonlysogenic cells (HER1410), indicating unchanged cell wall properties (data not shown). Sacculi from 4D22 adsorbed phage particles less effectively than the sacculi from HER1410 cells. It is worth noting that intact 4D22 cells, when used instead of the sacculi, also bound Bam35 virions less effectively (Table 3 ). In agreement with the results of the previous experiment (Fig. 1B) , sacculi of Bam35-resistant HER1410_R19 cells did not reduce plaque formation. PG sacculi derived from B. thuringiensis serovar wuhanensis 4T1 showed weak binding of virus particles. The isolated gram-positive sacculi have several major components: PG, teichoic acids (TA), and teichuronic acids (45) . The teichoic acids were removed, and the PG sacculi without TA were tested for their ability to bind virus. In the case of HER1410, these sacculi bound virions with the same efficiency as the sacculi with TA. By comparison, 4D22 and 4T1 sacculi bound Bam35 particles more efficiently after the removal of TA ( Fig. 2A) , thereby excluding TA as the Bam35 receptor. Gram-negative cells do not have any teichoic or teichuronic acids in their cell walls (45) . However, Bam35 particles adsorbed to the PG sacculi isolated from E. coli K-12 (data not shown). These observations indicated that the PG moiety of the sacculus is likely the receptor. Consequently, the PG constituents, MurNAc and N-acetyl-glucosamine (GlcNAc), were tested for the ability to inhibit plaque formation. MurNAc inactivated the virus, whereas GlcNAc at the same or higher concentrations did not (Fig. 2C) . These results led to the conclusion that PG is used for Bam35 binding and that MurNAc is involved in the process.
Putative Bam35 receptor-binding proteins. The Bam35 virion has spikes protruding from the capsid vertices (2, 28) . Such spikes are considered to be responsible for host cell recognition and binding (21) . Amino acid sequence similarities to PRD1 and the results of threading of all predicted Bam35 gene product amino acid sequences onto all available PRD1 X-ray structures suggested two Bam35 proteins, gp28 and gp29, as possible candidates for the Bam35 spike complex (28, 41) . These proteins were expressed in E. coli and purified to near homogeneity (not shown). The purified proteins were used in the Bam35 adsorption inhibition assay. However, neither gp28 nor gp29 had any significant effect on the adsorption of Bam35 to HER1410 when the cells were preincubated with either of the purified proteins (not shown). Due to these negative results, a method to dissociate the viral capsid was developed (see Materials and Methods). Released and partially purified capsid proteins (containing mostly gp28) did not compete with Bam35 virions in the adsorption assay (not shown). Polyclonal antibodies against gp28 and gp29, however, inactivated the virions (Fig. 3) and caused virion aggregation, indicating that both of the proteins reside on the virion surface. 
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Endolysins of Bam35. To determine if Bam35 virions contain the PG-hydrolyzing enzymes as structural components, purified Bam35 particles were analyzed using zymography (Fig. 4) . Purified bacteriophage PRD1 virions were used as a control; the clear band visible in the zymogram resulted from the ϳ27-kDa lytic enzyme, P7 (42) . Bam35 structural-protein species yielded a clear zone with an upward smear at the position corresponding to a molecular mass of 20 to 30 kDa, indicating lytic activity associated with the virus particle (Fig.  4) . ORF 26, which encodes a protein with a deduced molecular mass of ϳ26.5 kDa, and ORF 30, which encodes a protein of ϳ30.8 kDa, were cloned; the gene products were expressed in E. coli; and the crude cell extracts were analyzed in a zymogram assay (Fig. 4) . The cell extracts of both clones showed PG degradation zones (using E. coli-derived PG) close to the migrating position of the Bam35-derived zone and were absent in the negative control (vector plasmid without the insert). We tested numerous gel systems with no success in order to make a clearer distinction between the two zones. We can conclude that gp26 clearly caused the lower major band in the zymograms, as this protein was also identified in the virion by Nterminal amino acid sequencing (41) . Bam35 endolysin gp26 was not stable and degraded in the crude cell extract, causing smaller clear bands visible in the zymogram (Fig. 4) . We observed here that recombinant protein gp26 showed strong lytic activity on the PG derived from E. coli whereas gp30 was more active on PG of B. thuringiensis serovar kurstaki 4D22 (data not shown). It was shown previously that these enzymes possess different PG-hydrolyzing activities, depending on the PG source (54) . Bam35-associated lytic activity was also observed when the renaturation buffer contained 1 mM EDTA and no Mg 2ϩ ions, suggesting that divalent cations are not needed for endolysin activity (Fig. 4) .
Bam35-induced effects on the PM. We measured TPP ϩ ion fluxes across the host PM to monitor temporal-permeabilityrelated changes in the membrane voltage (⌬; negative inside) during Bam35 entry. Bam35 infection induced PM depolarization, resulting in an efflux of the cell-accumulated TPP ϩ , which at 37°C started 1.5 to 2 min postinfection (p.i.). This was followed by PM repolarization, a decrease in the external concentration of TPP ϩ , starting 5 to 7 min p.i. (Fig. 5A ) (19) . Experiments with Bam35-resistant but virus-adsorbing cells of strain HER1410_R20 showed that adsorption alone did not cause PM depolarization (data not shown). Accordingly, by monitoring TPP ϩ fluxes, it is possible to detect when Bam35 reaches the cell PM during the entry process.
At temperatures lower than 37°C, the initiation of phageinduced PM depolarization was delayed and the kinetics of depolarization was slower (Fig. 5A) . At 21°C, PM depolarization started ϳ7 to 8 min p.i., although the efficiency of adsorption was not greatly affected, and at 1 min p.i., the number of cell-bound viruses was similar to that at 37°C (not shown). However, we were not able to determine which of the pro- on September 10, 2017 by guest http://jb.asm.org/ cesses was more temperature sensitive, PG hydrolysis or interaction with the PM. Extracellular osmotic pressure plays an important role in bacteriophage entry (33) . An increase in the osmotic pressure of the medium by addition of sucrose decreased the amplitude of Bam35-induced PM depolarization (Fig. 5B) . At sucrose concentrations over 350 mM, depolarization and IC formation were prevented (Table 4 and Fig. 5B ), although the cells still accumulated large amounts of TPP ϩ . Divalent cations play an important role in bacteriophage entry (29, 47) . A divalent cation chelator, EGTA or EDTA, at 2 mM concentration decreased the phage titer by ϳ50% (Table 4 ). However, it was possible to totally restore phage viability by the addition of higher concentrations of Ca 2ϩ or Mg 2ϩ (Table 4) . EGTA or EDTA (2 mM final concentration) added to the cell suspension before infection prevented Bam35-induced PM depolarization (Fig. 6A ) and inhibited formation of the ICs (Table 4) . Addition of excessive concentrations of Ca 2ϩ to EGTA-or EDTA-containing cell suspensions effectively reversed the effects of the chelators on IC formation (Table 4) . However, the depolarization caused by infection was not observed in the presence of Ca 2ϩ (Fig. 6A) . Conversely, addition of Mg 2ϩ to EGTAcontaining medium restored both IC formation and the depolarization caused by the entering phage (Table 4 and Fig.  6A ). These results indicate that entry does not require Ca 2ϩ addition to the medium, but the removal of cell surfaceand/or virion-bound Ca 2ϩ ions blocks Bam35 entry. As Mg 2ϩ can effectively replace Ca 2ϩ , Bam35 entry is a divalent-cation-dependent process.
To further dissect the cation-associated processes, the chelators were introduced at different time points. Both EGTA (Fig. 6B, inset ) and EDTA (data not shown) reduced IC formation very effectively when added either prior to infection or during the first 2 minutes p.i. but only moderately when added 4 min p.i. or later. This positions the divalent-cation-dependent stage between 1.5 and 2 min p.i., corresponding to the time point when PM depolarization starts (Fig. 6A) . Ca 2ϩ ions induce Bam35 entry without induction of depolarization (see above). To gain further information about this, EGTA was added to Mg 2ϩ -or Ca 2ϩ -containing medium before the phage-induced depolarization in Mg 2ϩ -containing medium started (1.75 min p.i.) or later, when the depolarization in the presence of Mg 2ϩ reached its maximal level (7.25 min p.i.) (Fig. 6B) . The early addition of Ca 2ϩ -depleating amounts of EGTA had no great effect on the accumulation of TPP ϩ (Fig.  6B) , but late addition induced a strong reversible leakage of a Measurements were performed using 100 mM Tris-HCl, pH 8, at 37°C. The given value is the mean Ϯ standard error (of at least three experiments); the level of Bam35 viability or infective-center formation without supplement addition was set as 100%; b.i., supplement added before infection; p.i., supplement added 5 min postinfection.
b In the case of two supplements, the first was added 5 min prior to the addition of the second.
c Bam35 titer after 10-min incubation.
FIG. 6. Effects of divalent cations on the Bam35-induced depolarization of HER1410 cells. Prior to infection, the cells were incubated for 10 min at 37°C in 100 mM Tris-HCl, pH 8.0, containing 3 M TPP ϩ (A, black curve) and, in addition, 2 mM EGTA (A, green), 2 mM EDTA (A, red), 2 mM EGTA and 4 mM CaCl 2 (A, pink), 2 mM EGTA and 4 mM MgCl 2 (A, blue), 2 mM CaCl 2 (B, black and green), or 2 mM MgCl 2 (B, red and blue) was added. The cells were infected using an MOI of ϳ5. (B) EGTA was added at different time points, as indicated, to obtain a 4 mM final concentration. GD was added to a final concentration of 5 g/ml. The inset in panel B shows IC formation after the addition of EGTA (2 mM final concentration) at different time points. IC formation without EGTA was set as 100%; time zero corresponds to the addition of EGTA before infection.
Bam35 ENTRY 5931
on September 10, 2017 by guest http://jb.asm.org/ TPP ϩ , indicating depolarization and repolarization of the PM (Fig. 6B) . The amplitude of the depolarization increased in a time-dependent manner if EGTA was added between these two time points (not shown). Addition of EGTA to Mg 2ϩ -containing medium did not greatly change the course of Bam35-induced depolarization (Fig. 6B) 
DISCUSSION
In this study, we dissected the Bam35 entry process into three distinct steps: (i) receptor binding, (ii) PG digestion, and (iii) interaction with the PM. Bam35 very rapidly adsorbed to the cell surface and reached up to 500 particles per HER1410 cell (Fig. 1) . Using an effective virion diameter of 100 nm, it could be calculated that close to one-half of the cell surface was covered by viral particles. This result is consistent with previously published electron microscopy data demonstrating closely packed virions attached to the cell (41) .
Virus binding experiments with the PG constituents allowed the identification of MurNAc as a component of the Bam35 receptor. It should be noted, however, that when using MurNAc, the concentration needed to compete with phage adsorption was ϳ3 orders of magnitude higher than when using sacculi (Fig. 2) . This observation indicated that some components in addition to MurNAc, such as the variable peptide linkages, might be involved in Bam35 adsorption. Most likely, these PG components were altered in HER1410_R19 cells, as the sacculi from these cells did not bind Bam35 at all (Fig. 2A) . In contrast to Bam35, which uses the PG sacculus, most of the bacteriophages infecting gram-positive bacteria use saccharide components of teichoic or teichuronic acid for irreversible adsorption (52) .
Bam35 aggregation and neutralization assays using polyclonal antibodies showed that gp28 and gp29 reside on the virion surface (Fig. 3) . However, the recombinant proteins or capsid proteins dissociated from the virion did not compete for receptor binding, leaving the identity of the receptor-binding protein obscure. It might be that the folding or the multimericity of the separated proteins was not correct and prevented their biological activity.
Lytic activities of recombinant endolysins from phage GIL01 (a close relative of Bam35) have been demonstrated (54) .
Here, we showed that Bam35 possesses PG-hydrolyzing activity associated with the virus particle. Although it was difficult to resolve the identities of the PG-hydrolyzing enzymes in the Bam35 particle, we consider that gp26 is responsible for the major lytic activity of the virion. Due to the strong signal and double-band character of the virion-associated lytic activity in zymograms (Fig. 4) , we suggest that both PG-hydrolyzing enzymes encoded by the Bam35 genome, gp26 and gp30, are associated with the virion.
PRD1 entry does not cause PM depolarization, whereas Bam35 entry does (16, 19) . However, both PRD1 and Bam35 entries induce only a weak accumulation of PCB Ϫ , indicating that the PM structure remains practically intact. We propose that a reversible opening of specific channels is responsible for the depolarization of the PM during entry. On the other hand, when the Ca 2ϩ concentration in the infection medium was increased, IC formation was not altered, but no depolarization was observed (Table 4 and Fig. 6A) , showing that phage DNA entry and depolarization of the PM are coupled but separate processes. These observations are consistent with a model in which ion fluxes leading to the depolarization of the PM utilize pathways different than the one used for phage DNA entry. Permeability of the channels responsible for depolarization during the Bam35 entry process can be controlled in two ways: (i) the phage-induced PM depolarization is blocked in the presence of increased Ca 2ϩ concentrations (Ͼ2 mM) (Fig. 6A ) and (ii) after depolarization, the channels close in the absence of extracellular Ca 2ϩ (Fig. 6B ), leading to repolarization of the PM.
The 7.3-Å-resolution structure of the Bam35 virion revealed large membrane protein complexes that are not present in PRD1 (28) . It is possible that these complexes are the ion channels causing depolarization during virus interaction with the host PM, making a connection from the external milieu to the cytosol via the cell-associated phage particle. It has been shown that several viruses, such as influenza A, B, and C viruses; human immunodeficiency virus type 1; and Paramecium bursaria chlorella virus type 1 (PBCV-1), contain ionpermeable channels in their membranes (18) .
PBCV-1 induces depolarization of the infected host cells, and the depolarization is associated with the K ϩ channels present in the viral membrane (31) . Bam35 also induces the leakage of K ϩ from infected cells (19) . Ba 2ϩ ions are able to block PBCV-1-formed channels (31), whereas Ca 2ϩ ions are better blockers in the case of Bam35. It has been suggested (31) that the viral channels cause the reduction of host cell internal pressure and allow viral DNA to be delivered into the cell. However, blocking of the Bam35-induced channels by Ca 2ϩ ions did not lead to the prevention of phage DNA entry under the conditions studied.
We observed that Bam35 penetration differs considerably from that of PRD1, although their virion architectures are very similar and both viruses form a tail-like structure during genomic-DNA release. This result is in accordance with the idea that the entry-related viral structures and functions evolve rapidly but the architectural principles of capsid shell-associated structures (the viral innate "self ") are highly conserved (4, 6) .
